Electroabsorption (E-A) spectra of (Bu 4 N) 2 [Ru(dcbpyH) 2 (NCS) 2 ] (N719) sensitized on TiO 2 nanoparticles are very different from those of the N719 solid film. In contrast with N719 fixed in a solid form, N719 adsorbed on TiO 2 shows a significant electric field effect on absorbance, indicating the strong interaction in the surface between N719 and TiO 2 . The magnitude of the change in electric dipole moment following absorption of N719 sensitized on TiO 2 is much greater than that of the sold film, suggesting that the interfacial charge transfer occurs following photoexcitation of N719 adsorbed on TiO 2 surface.
Introduction
Dye-sensitized solar cells (DSSC) are considered as a strong alternative to conventional photovoltaic devices that used semiconductors, such as silicon. The advantages of DSSC are their high efficiency, simple fabrication process and low cost production [1] . Numerous sensitizers including rutheniums complexes [2] [3] [4] [5] [6] , metal-free organic dyes [7] [8] [9] , and porphyrin dyes [10, 11] are employed in DSSC devices. In any DSSC device, efficient electron injection from the excited state of dye sensitizers to the conduction band (CB) of nanocrystalline titanium dioxide (TiO 2 ) is essential. To design and develop more efficient and stable organic devices, deep understanding of photoexcitation dynamics of these dye sensitizers attached on TiO 2 is essential.
Among ruthenium complexes, Ru(II) polypyridal complex dyes adsorbed on TiO 2 have been the main subject, and bis(tetrabutylammonium)-cis-di(thiocyanato)-N,N`-bis(4-carboxylato-4`-carboxylic acid-2,2`-bipyridine)ruthenium (II) (N719) is a typical complex, which gives the energy conversion efficiency over 11% with the liquid I -/I 3 -electrolyte [12] . The metal to 4 ligand charge transfer (MLCT) promotes an electron from the metal center to a ligand that is directly bound to the semiconductor surface [13] .
The ultrafast electron injection occurs after light absorption of the MLCT band, and the injection time has been estimated to be as fast as 10-25 fs for the ruthenium complexes containing 4,4'-dicarboxyl-2,2'-bipyridine ligand, i.e., N719 and cis-bis(4,4'-dicarboxyl-2,2'-bipyridine)-bis(isothiocyanato)-ruthenium(II), i.e., N3 [14] [15] [16] . According to the theory for excited-state electron injection into wide-bandgap semiconductor, the rate of interfacial electron transfer at an electrode surface depends critically on the overlap of the sensitizer excited state distribution function with the semiconductor density of states [17] . To obtain the extremely fast electron injection, strong electronic coupling between photoexcited sensitizer and semiconductor should be generated through the anchoring groups of the dye, along with a high density of CB states of the semiconductor surrounding the excited state of the dye.
The adsorption geometry of N719 on extended TiO 2 modes was calculated using a systematic density functional theory [18] . The energy levels of the excited state of N719
relative to the CB of TiO 2 as well as the electronic coupling between the attached dye, i.e., N719, and TiO 2 were also calculated. The results indicated that the visible absorption band centered at ~530 nm corresponds to the transition to the combined system's excited state having strong coupling between dye and TiO 2 , that is, the electron injection occurs following optical transition from the ground state of the dye to an excited state largely delocalized within the semiconductor [19] . If this is the case, the electric dipole moment is expected to be very large at the excited state of N719 sensitized on the surface of TiO 2 , in comparison with those of N719 without TiO 2 .
Electroabsorption and electrophotoluminescene spectroscopies, where electric field effects on absorption and photoluminescence spectra are measured, are powerful techniques to investigate the charge separated character of the excited state because the change in electric dipole moment following optical transition can be determined. In fact, these techniques have been applied to dye sensitizers attached to TiO 2 to evaluate the charge-separated character of the photoexcited state [20] [21] [22] [23] [24] . Interestingly, the local electric field induced by the photoinduced electron transfer of sensitizers attached to TiO 2 has been also discussed by comparing the electroabsorption spectra observed with and without photoirradiation [24] [25] [26] .
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In the present study, we have measured electroabsorption (E-A) spectra of N719 adsorbed on TiO 2 nanoparticles in a thin-film condition similar to that used in DSSC, along with the E-A measurements of N719 solid films. For both samples, we analyzed the E-A spectra, and the magnitudes of the change in electric dipole moment, molecular polarizability and transition moment following photoabsorption have been evaluated.
Based on the results, the mechanism of the electron injection in the N719/TiO 2 interface has been discussed.
Experimental
Commercially available N719 (Everlight Chem. Ind. Corp., Taiwan) was used without further purification. Two kinds of samples of N719, i.e., samples (I) and (II), were prepared. Sample (I), which is the N719 thin solid film, was prepared by deposition of N719 dye on an indium-tin-oxide (ITO) coated quartz substrate by a spin-coating method from ethanol solution. Poly(methyl methacrylate) (PMMA) film was deposited on the N719 solid film. Sample (II), which was the film composed of TiO 2 and N719, was prepared by using a standard method reported elsewhere [5] . A Since N719 on the surface of TiO 2 is covered by a PMMA film in sample (II), it is not necessary to consider the desorption of N719 from the TiO 2 surface during the optical measurements. Results and Discussion Figure 1 shows the absorption spectra of N719 dye under different conditions. The absorption spectra of N719 in ethanol solution shows bands having a peak at 521 and 381 nm, which are hereafter denoted by Bands 1 and 2, respectively. These bands are assigned to the metal-to-ligand charge transfer (MLCT) bands, and their locations depend significantly on the environment. For example, Band 1 is red-shifted by 36 and 22 nm, respectively, in sample (I) and in sample (II), respectively, in comparison with the corresponding band in ethanol (see Table 1 ). The N719/TiO 2 surface is covered by a PMMA film in sample (II), and the N719 thin solid film is also covered by a PMMA film in sample (I). Then, the difference in absorption spectrum between samples (I) and (II) doesn't come from the pH dependence.
Figures 2 and 3 show the absorption and E-A spectra of N719 of sample (I) and sample (II) in the range of 14000-28000 cm -1 , which were obtained with a field strength of 1.0 MV cm -1 and 0.2 MVcm -1 , respectively. These E-A spectra were obtained at the magic angle of χ (=54.7 º ); χ is the angle between the direction of applied electric field and the electric vector of the incident light. The first and second derivatives of the absorption spectra are also shown in these figures.
In the presence of applied electric field (F), the shift of the transition energy (
is related to the difference in dipole moment ( € Δµ) and molecular polarizability (
between the excited state and the ground state; 
where d is the transition moment vector in the absence of F, and X and Y are the transition moment polarizability and hyperpolarizability tensors, respectively. By assuming an isotropic distribution of the molecules in the absence of F, the intensity of the E-A spectrum at wavenumber, ν, observed at the second harmonics of the modulation frequency, i.e., € ΔA(ν) , is given by the following equation [28] [29] [30] [31] :
where f is the internal field factor. The coefficient depends both on the field-induced change in transition moment and on the field-induced orientation. The to the E-A spectrum, the shape of which is the second derivative of the absorption spectrum. If the magnitude of Δα is significant, the shape of the E-A spectrum is the first derivative of the absorption spectrum, resulting from the spectral shift upon application of F. The values of Δµ and Δα can be obtained from the analysis of the derivative parts of the E-A spectra. It is noted that plots of the field-induced change in absorption intensity is proportional to the square of the applied field strength, as expected from Eq 2 (see Figure 4 ).
As shown in Figure 2 , the E-A spectrum of N719 of sample (I) is very similar in shape to the second derivative of the absorption spectrum of MLCT band, indicating that the field-induced change in absorption spectrum mainly come from From the second derivative component of the E-A spectra, the magnitudes of Δµ following absorption of sample (I) have been determined to be 7.0±0.1 D and 10.0±0.3 D, respectively, for Bands 1 and 2. Actually, the first derivative component was necessary to reproduce the E-A spectra of Band 1, from which the magnitude of Δα was 13 determined to be 9.0±2.0 Å 3 . Note that it is assumed that the internal field factor f in eq 2 is unity and that the first term is dominant in eq 4. The fitted spectrum of sample (I) is shown in Figure 2 , together with the observed E-A spectrum. Each of the first and second derivatives of the absorption spectrum in the fitted spectrum is shown in Figure   5 to visualize the contribution of each derivative component. It is noted that the E-A spectrum of Band 2 of sample (I) can be reproduced with only the second derivative of the absorption spectrum.
E-A spectra of N719 of sample (II) are different from those of sample (I), as shown in Figure 3 . The E-A spectra could be simulated by a combination of the zeroth, first and second derivatives of the absorption spectrum in both Bands 1 and 2. The fitted spectrum of sample (II) is shown in Figure 3 , together with the observed E-A spectrum.
Each derivative component contributed to the fitted spectrum is shown in Figure 5 .
From the second derivative component, the magnitudes of Δµ were evaluated to be 11.0±1.0 D in Band 1 and 20.0±1.0 D in Band 2, respectively, in sample (II) (see Table   1 ). Thus, the values of Δµ of N719 sensitized on TiO 2 are much larger than those in the solid film, indicating that the attachment of N719 to TiO 2 increases the charge transfer According to the calculation [19] , the lowest excitation is located at 649 nm, with a sizable oscillator strength. In fact, weak absorption band is observed as a shoulder in the absorption spectrum at ca. 680 nm (ca. 14710 cm -1 ) in sample (I) and 660 nm (ca.
15160 cm -1 ) in sample (II), as shown in Figures 1-3 . The strong coupling between dye and TiO 2 was also considered in the excited state reached by absorption of this band, and an ultrafast electron injection was suggested following optical excitation of this band [19] . When the E-A spectra given in Figures 2 and 3 are carefully watched from this point of view, it is realized that a minimum is located at 680 and 660 nm in the E-A spectra of samples (I) and (II), respectively, implying the presence of the E-A band
given by the second derivative of the weak absorption band given by a shoulder, which is hereafter called as Band X. These results suggest that the change in electric dipole moment is induced by excitation of Band X, similar to Bands 1 and 2. Since the weak absorption intensity of Band X couldn't be determined precisely, the magnitude of Δµ couldn't be determined for Band X. As far as the second derivative of the absorption spectrum is compared with the E-A spectrum in the low wavenumber region, however, the signal intensity of the second derivative component of sample (II) looks much larger than that of sample (I). In comparison with sample (I), for example, the minimum of Band X in the second derivative spectra is not clear in sample (II), whereas the minimum is so clear in the E-A spectrum, implying that the magnitude of Δµ of Band X in sample (II) is larger than the corresponding one in sample (I), as in the case of Bands 1 and 2. With excitation at Band X, therefore, the excited electron is considered to be delocalized into the semiconductor, as suggested by the theoretical calculation [19] .
Thus, a fast electron injection is considered to occur directly from the state reached by optical excitation, irrespective of the excited bands.
The E-A spectra of alizarin, which can be served as a light absorber in model systems designed for the new type solar cells, were reported both free in solution and adsorbed to TiO 2 nanoparticles [21] . The aim of the experiments was to examine whether the electronic distribution of the photoexcited alizarin/TiO 2 extends into the solid and involves the contribution of the Ti atom or it remains localized within the alizarin molecules. The results were obtained that the magnitude of Δµ of alizarin adsorbed on TiO 2 was much larger than that of the free molecules in ethanol solution, similar to the present results of the N719/TiO 2 system. However, the large value of Δµ of adsorbed alizarin was explained by the interaction of the adsorbed dye with the electric field generated by charged nanoparticles, not by the alizarin-to-TiO 2 charge transfer character. In the present results, it is also necessary to consider the internal electric field effect of TiO 2 , because the internal field factor f was assumed to be unity to determine the magnitudes of Δµ and Δα. As shown in Figure 1 and intensity is normalized to unity at the peak around 500-600 nm. are separately simulated in both cases. Thin dotted line, which corresponds to the zeroth derivative components of Bands 1 and 2, respectively, is not contributed to the simulated spectrum in sample (II).
28 Table 1 . Molecular parameters obtained from the E-A spectra of N719 under different sample conditions.
